Water-supply managers need adequate warning to protect water supplies if a contaminant is spilled in an upgradient tributary. The city of Lincoln draws water from alluvium associated with the Platte River near Ashland, eastern Nebraska. Using constant-rate injection methods and a conservative tracer, travel time and degree of mixing of contaminants in the Elkhorn and Platte Rivers were evaluated in 1995 and 1996. The results indicate that, for flows of 584 to 162 m 3 /s in the Platte River at Ashland with 13 to 28% of its flow contributed by the Elkhorn River, 8.2 to 13.2 h are required for the leading edge of a chemical plume to travel from the Elkhorn River at Waterloo to the Platte River at Ashland. The peak concentration of a chemical spilled as a slug in the Elkhorn River near Waterloo would pass the well field after 11.3 to 16.1 h. Existing empirical equations for calculation of travel time were shown to apply to reaches of streams studied, but underestimated the leading edge up to 14% and overestimated the plateau concentration up to 11% at Site 5. However, time of travel may be influenced by the relative contribution of a tributary. The plateau concentration of the chemical in the Platte River at Ashland was 45 to 60% of its concentration in the Elkhorn River. The degree of mixing of the tracer in the Platte River at Ashland increased from 53 to 65% as the relative contribution of the Elkhorn River increased.
points over time, provide an efficient method for obtaining the necessary data to predict the rate of movement, dilution, and mixing of contaminants in steady and gradually varying streamflow (Jobson, 1996) . This method, with a fluorescent dye as the tracer, was used to evaluate the behavior of potential contaminants in the Elkhorn and Platte Rivers that indirectly could affect the water supply of Lincoln (Verstraeten et al., 1995) . Dispersion or mixing of tracers occurs in the three dimensions of stream flow: (i) vertical; (ii) transverse, across the channel; and (iii) longitudinal, in the direction of the flow. Observations have established that, while vertical mixing generally is complete within a short distance, a much longer distance is required for the completion of transverse mixing (Yotsukura and Cobb, 1972) .
The objectives of this study were to determine the time of travel of a conservative solute in the Elkhorn and Platte Rivers from Site 2 to Site 6 ( Fig. 1) and to evaluate the degree of mixing of the Elkhorn and Platte River waters at Sites 5 and 6 near Lincoln's large collector wells. This study was performed by the U.S. Geological Survey in cooperation with the city of Lincoln.
METHODS AND MATERIALS
Time of travel of solutes through a stream reach can be determined by injecting dye either as a slug or at a constant rate at the upstream and of the reach and measuring the concentration of dye downstream; methods are described by Wilson et al. (1986) and Kilpatrick and Wilson (1989) . A constant-rate injection was selected for this study because the flow of the Platte River follows a diurnal cycle produced by the releases of water from a power plant upstream. Time of travel (t) generally varies inversely with discharge (Q) in a stream, where t = kQ -x , with k being a constant and x an exponent varying with Q. Rhodamine-WT, a fluorescent dye, was chosen as the tracer, because it is a conservation tracer-i.e., one that does not degrade and is relatively economical to use. Dye injections were planned for a range of discharges of the rivers. However, moderate to abundant rainfall during this study did not permit dye injections during low flow.
Dye injections were made at Site 2 on 22 June 1995 (Injection 1), 8 and 9 Aug. 1995 (Injection 2), and 16 Aug. 1996 (Injection 3). Concentrations of dye were monitored in the field at Sites 3, 5, and 6 (Fig. 1) . The amount of dye, the stream stage, and the discharge were noted at the injection and sampling sites for each injection. One day before the dye injection, stream-discharge measurements were made at Sites 1, 2, and 5 to determine the appropriate rates of injection and to decide on appropriate locations for two injection points at Site 2. Discharge measurements also were made at Site 3 during the passage of the dye cloud (Table 1 ). In addition, because the daily flow of the Platte River is affected by releases of water from a power plant 132 km upstream of Site 5, stream discharge was determined several times during the passage of the dye cloud at Sites 5 and 6 to allow for accurate mixing calculations (Table 1) . Flow-duration curves were used to determine the percentage of time that specific discharges could be expected to be equaled or exceeded based on past flow records ( Table 1) .
Assuming that river discharge did not change over time, the time of travel of the leading edge of the dye, and time from the start of injection until plateau concentrations of dye would be achieved at Sites 5 and 6 were estimated from the following empirical equations (modified from Boning, 1974, p. 498; and Kilpatrick and Wilson, 1989, Eq. [9] Before the injection, a 20% dye solution with a specific gravity of 1.12 was diluted to a 10% dye solution with a specific gravity of 1.06. The dye was injected into the Elkhorn River at Site 2 located 22.3 km upstream from the confluence of the Elkhorn and Platte Rivers and approximately 29 km upstream from the well field (Fig. 1) . The dye was injected (Table 2) at two points in the cross-section representing 25 and 75% of the cumulative flow across the Elkhorn River as determined from a discharge measurement. The rate, timing, and duration of dye injection were based on: (i) the predicted discharge and timing of low flow of the Platte River at Ashland, (ii) the desired plateau concentration, (iii) the concentration of the injection solution, (iv) the pumping capacity of the injection equipment, and (v) the predicted time of day of passage of the dye cloud. The injection rate (q, in mL/min) was determined as (Modified from Kilpatrick and Cobb, 1985, Eq. [9] , p. 17): q = Qc -/C / (1.668 × 10 -8 ) [6] where c -= the desired plateau concentration, in µg/L, Q = the stream discharge, in m 3 /s C = the concentration of injection solution of 10% dye, in µg/L The injection rates of 10% dye solution, varying from 105 to 221 mL/min, were very small compared with the discharge of the river (Table 1) . Because it was assumed that vertical mixing was complete, near-surface samples were collected at each of the dye monitoring sites. Samples were collected by lowering a container with a 40-mL glass vial into the river at 10 separate locations across the channel.
The degree of lateral mixing depends on channel and flow characteristics. Essentially complete (98%) vertical and horizontal mixing of the tracer was needed in the Elkhorn River before its confluence with the Platte River to determine the extent of mixing of the rivers after their confluence. To ensure adequate distance between the injection point and confluence of the rivers, the minimum length (L in m) for 98% mixing with two injection points was calculated as modified (from Kilpatrick and Cobb, 1985, Eq. [12] , p. 34 and At Site 3, samples from 10 equally spaced distances, called verticals, were collected three times (before dye injection, during the rise in dye concentrations, and after a plateau dye concentration was reached). These samples provided checks on the degree of lateral mixing of the dye in the Elkhorn River upstream from its confluence with the Platte River (Site 4). The degree of mixing of dye at Site 3 was 99% during the injections. Duplicate samples also were collected from a point in the cross section representing the midpoint of discharge at Site 3 (more than 25 data points) (Verstraeten et al., 1998) . Data from these samples were used to create the tracer-response curves to compute time of travel. These samples also provided checks on travel times to allow for last minute changes in scheduling of field personnel at Sites 5 and 6 (Fig. 1) .
To determine time of travel and degree of mixing at Site 5, samples were collected from 10 equally spaced verticals (Fig. 3) , across the channel in the Platte River approximately every 15 min until plateau concentrations were achieved for at least 1 h. Duplicate samples also were collected from a point in the cross-section, representing the midpoint of discharge of the Elkhorn River at Site 5 ( Fig. 3 ) (the point in the cross-section showing the highest concentrations of dye at Site 5), at time intervals varying from every 5 min to every 15 min (>25 data points) (Verstraeten et al., 1998) , depending on the dye concentration measured in the field.
To determine degree of mixing at Site 6 during Injections 1 and 2, samples were collected twice from each of 10 verticals across the channel after the plateau concentration was reached at Site 5; enough time (several hours after predicted time of plateau concentrations) was allowed for the plateau concentration to be reached at Site 6 before sampling at this site. The degree of mixing at Site 6 was not determined during the last dye injection because of safety concerns.
Qualitative analyses of duplicate samples were done in the field at Sites 3 and 5 with a fluorometer to monitor dye concentrations and modify sampling schedules as needed, while quantitative analyses of environmental samples was done in the laboratory. Duplicate samples were discarded on site after the analyses were done. Environmental samples were kept in a dark environment immediately after sample collection to prevent photodegradation of the dye and were transported to the laboratory within hours of sample collection. These samples were analyzed under controlled conditions in the laboratory generally within 7 d of sample collection. All dye analyses (field and laboratory, except for temperature control in the field) were done with a fluorometer in accordance with the procedures described by Wilson et al. (1986) . Dye from the same lot used for each injection also was used to prepare standards for analysis of water samples from that injection. Sample concentrations were determined using at least a three-point (usually a five-point) calibration curve, because dye fluorescence is directly proportional to dye concentration. The fluorometer was recalibrated approximately every 2 h and regression of the calibration data had a correlation coefficient of at least 0.999. The detection limit for dye analysis was 0.05 µg/L. Background water samples analyzed for dye revealed concentrations in the surface water of up to 0.2 µg/L. These background concentrations are believed to be caused by sample-matrix effects. The values presented herein already have these background values subtracted. Three additional dye injections (slug injections)-injections made to address other study objectives-were done in August, September, and October 1996. The methods and materials used for these slug injections have been described by Verstraeten et al. (1999) . Results of these tests are discussed later. The data collected during this and the aforementioned study have been published in Verstraeten et al. (1998) .
Quality assurance and quality control included collection of background environmental samples at all sampling sites, collection and qualitative analysis of duplicate samples in the field, collection of replicate samples and trip blanks, quantitative analysis of all environmental samples in the laboratory, analysis of a quality-control sample every 10th sample in field and laboratory, and calibration of the instrument about every 2 h. No significant differences in dye concentrations among replicate samples were observed. Some significant differences were noted between the qualitative analyses conducted in the field and quantitative analyses conducted in the laboratory. These differences are thought to be related to the variability in analytical temperature of sample water and standards in the field, and are to be expected. The analyses of trip blanks indicated that external contamination of the samples did not occur, because the results were all below the detection level. Contribution of ground water to surface water is assumed to be below the inherent error in the discharge measurement (5%), because of the large size of the Platte River and its diurnal fluctuations; however, no actual measurement of ground water contributions has been determined in these reaches of the Elkhorn and Platte Rivers.
RESULTS AND DISCUSSION TIME OF TRAVEL
The measured discharges when the dye reached plateau concentrations at Sites 3 and 5 and respective flow durations (percent chance of exceedance) based on the daily flow records for the Elkhorn River at Waterloo (1929 Waterloo ( -1996 and the Platte River near Ashland (1942-1960 and 1989-1996) were greater than median flows determined from the period of record (all chances of exceedance were <50%) ( Table 1) . Time-concentration curves for Sites 3 and 5 were used to determine the elapsed times from injection until the particular point of interest on the curves, as well as the time between common parts of the response curves (Table 2 and Fig. 4) . These time-concentration curves illustrate the analytical results of the dye injections at differing combinations of discharge of the Elkhorn and Platte Rivers. In the case of a constant-rate injection, the common parts of interest are the leading edge (T L ) and the time of plateau concentration (T PT ). These parts correspond to the leading edge and the trailing edge of a slug injection (see Fig. 2 ). The observed data (Table 2) indicate that, under the range of flow conditions encountered, 8.2 to 13.2 h are required for the leading edge of a conservative contaminant to travel from Site 2 to Site 5, and under steady-state conditions the contaminant would reach plateau concentrations at Site 5 after 11.3 to 16.1 h (Table 2 and Fig. 5 ). In case of an accidental spill or slug injection, 90% of the slug would have passed at Site 5 after 11.3 to 16.1 h.
At Site 5, the velocity of the leading edge of the dye varied from 1.5 to 2.4 km/h ( Table 2) . Knowledge of these travel times allows the managers of the city of Lincoln public water supply to take steps to protect the water supply from contamination if they are informed quickly after a contaminant spill.
The plateau concentration of the dye at a point in the cross-section representing the midpoint of discharge of the Elkhorn River in the Platte River at Site 5, when divided by the plateau concentration of dye at the point in the cross-section representing the midpoint of discharge of the Elkhorn River at Site 3 and multiplied by 100, was 60% for Injection 1, 58% for Injection 2, and 45% for Injection 3. The plateau concentrations of dye reached at Site 3 during Injections 1, 2, and 3 were 5.0, 7.1, and 7.1 ug/L, respectively (Fig. 4) . At Site 5, they were 1.5, 1.9, and 3.0 µg/L, respectively (Fig. 4 and 5). The concentrations of dye in the Platte River at Site 5 were affected by longitudinal dispersion along the river reaches and the degree of mixing of water of the Elkhorn River with water of the Platte River (Fig. 5) . The data suggest that, as the relative contribution of water from the Elkhorn River to the Platte River increases, the degree of lateral mixing of water from both rivers increases, as expected.
The travel time-discharge relation could be used to estimate travel time of a spill between sites (Fig. 6) . A linear relation on a log-log plot between time of travel and discharge of channel-controlled flows larger than 27 m 3 /s is usually expected (Rankl and Carnavale, 1989) . However, the relative amount of flow in the Platte River that comes from the Elkhorn River (Table 1) may be a complicating factor in the relation between discharge of the Platte River and travel time from the Elkhorn River to the well field. More data points are needed to establish this relationship.
Comparison of predicted and observed times of travel (Table 2 , Fig. 7) shows that the existing empirical equations (Eq. [1]-[5]) appear to be applicable to this reach of the Elkhorn and Platte Rivers. While the empirical equations tended to underestimate the time of leading edge (first occurrence) of the conservative tracer (up to 16% at Site 3 and 14% at Site 5), they overestimated the time of plateau concentration of the dye (up to 32% at Site 3 and 11% at Site 5). Thus, the data indicate that the larger the distance from the injection site, the more similar predicted and observed time of travel were. At Site 3, the differences varied from 0 (Injection 1) to -0.2 h (Injection 3) for the leading edge and from +0.4 (Injection 3) to +1.3 h (Injection 1) for the plateau concentration. At Site 5, the differences varied from -0.1 (Injection 1) to -1.9 h (Injection 2) for the leading edge and from +0.9 (Injection 3) to +1.8 h (Injection 2) for the plateau concentration. The time of travel of the observed inflection point deviated only slightly from the predicted time of travel. These data indicate that the empirical equations are most accurate for estimating the travel time of maximum contaminant concentrations in the event of a spill or the inflection point in the event of a steady-state release of a contaminant. Similar findings were made during another study, in which a slug of Rhodamine-WT dye was injected at Site 3 and concentrations of dye were measured at Site 5 (Verstraeten et al., 1999) .
DEGREE OF MIXING OF ELKHORN AND PLATTE RIVERS
When dye is released in a river, it disperses in three directions: vertically, transverse, and longitudinally. For this study, mixing was calculated using a discrete flow-weighted form of the Cobb-Bailey equation (International Organization for Standardization, 1993) : [8]) requires that mixing be calculated using each observed flow-weighted concentration of dye, because this is the only means of accounting for the mass balance of the tracer. Complete mixing is achieved asymptotically and is considered to be adequate when 98% mixing is achieved. Although complete lateral mixing was reached in the Elkhorn River at Site 3 (data not shown), lateral mixing was not reached in the Platte River at Site 5 (Fig.  5) nor Site 6 (Tables 3 and 4) . The incomplete mixing of dye at these sites is illustrated as plateau and relative concentration, cumulative discharge, and transverse distance (Fig. 8) . The calculated results indicate that the degree of mixing of the Elkhorn and Platte Rivers at Site 5 varied from 65% at the lowest flow condition to 53% at the highest flow (Table 3 ). The degree of mixing of the Elkhorn and Platte Rivers during Injections 1 and 2 increased at Site 6 to 70% at the lowest flow condition and to 60% at the highest flow condition (Table 4) (Fig. 9) . This incomplete mixing can be explained easily by examining the cross-section of the Platte River at Site 5 (Fig. 3) ; most discharge and highest velocities are on the left side (facing downstream) of the Platte River at Site 5.
Three additional injections were done at Site 3 (Fig. 9) , with a 204 kg slug of Rhodamine-WT dye at a minimum of seven injection points to facilitate mixing of the dye in the Elkhorn River before its confluence with the Platte River based on calculations of required length for 98% mixing (Eq. [7] ) and the data collected and observed mixing at Site 3 during the steady-state injections at Site 2 with only two injection points (data not shown). The slug injections indicated that the mixing of both rivers was 84% complete at Site 5 when the flow of the Platte River was 118 m 3 /s and when 35% of this flow was contributed by the Elkhorn River (Verstraeten et al., 1999) .
The data show that the degree of mixing at Site 5 on the Platte River appears to be dependent on the total discharge of the Platte River at that site and the relative discharges of both rivers (Fig. 9 ). This conclusion was confirmed in another study in the study area, where incomplete mixing of Elkhorn and Platte Rivers was determined based on atrazine and cyanazine concentrations in these rivers during a 1995 spring-flush event (Verstraeten et al., 1995) . In general, it may be concluded that, as the discharge of the Platte River decreases and the relative contribution of discharge from the Elkhorn River to the Platte River increases, the degree of mixing of the rivers increases at Site 5. More data is required to quantify the relation.
SUMMARY AND CONCLUSIONS
Generally, the city of Lincoln public water supply managers could be given adequate warning time to protect their well field from contamination of the water supply by a contaminant spill in the surface waters of the Elkhorn or Platte Rivers, if the managers were informed soon after a spill occurred at, or upstream of, Sites 1 or 2. This study used a conservative dye. It was done when flows of the Platte River varied from 584 to 163 m 3 /s at Site 5 with 13 to 28% of the flow contributed by the Elkhorn River. The results show that 8.2 to 13.2 h would be required for the leading edge of a conservative chemical to travel from Site 2 to 5. A chemical spilled as a slug in the Elkhorn River near the town of Waterloo would pass the well field after 11.3 to 16.1 h. If the chemical was conservative, the plateau concentration at Site 5 is predicted to be 45 to 60% of its concentration in the Elkhorn River at Site 3; if the chemical was not conservative, the concentrations would be lower. The relation between time of travel and discharge is influenced not only by the discharge of the Platte River, but also by the relative amount of water flowing from the Elkhorn River into the Platte River. Further, the available empirical equations for estimating solute travel time are applicable to this reach of the Elkhorn and Platte Rivers, but they underestimated the travel time of the leading edge of the tracer up to 14% and overestimated the travel time of plateau concentration up to 11% at Site 5.
The mixing data show that, as the discharge of the Platte River decreases and the relative contribution of Elkhorn River discharge to the Platte River discharge increases, the degree of mixing of the rivers increases. Specifically, the calculated results indicate that the degree of mixing of Elkhorn and Platte Rivers at Site 5 varies from 65% under the lowest flow condition to 53% under the highest flow condition measured during this study. The data also show that the degree of mixing of Elkhorn and Platte Rivers increases by 5 to 7% from Site 5 to 6.
There are several implications from the results of this study. First, empirical equations for calculation of travel time apply to the reach of Elkhorn and Platte Rivers studied and may apply to streams of similar magnitude. However, time of travel may be influenced by the relative contribution of a tributary, especially if its confluence is near the point of interest. Second, the transverse mixing of two major rivers may remain incomplete over more than 10 km. Finally, differing contributions of relative flows of two converging rivers may have differing effects on the water quality of the river near their confluence, which, in turn, can affect the quality of public water supplies obtained from alluvial sediments near the confluence. 
